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a b s t r a c t

The measurement of absorbance in water vapor-oxygen mixtures is reported for the far-IR region from 10
to 120 cm!1 (0.3–3.6 THz). The experiments were performed in a temperature-stabilized multipass
absorption cell coupled to a far-infrared Fourier transform spectrometer with a liquid-He-cooled bolom-
eter detector. The absorbance components due to both the H2O–O2 continuum and the oxygen magnetic
dipole discrete lines have been measured in the temperature range from 294 to 333 K with a spectral res-
olution of 0.03 to 0.07 cm!1. In the range up to 2.5 THz, the H2O–O2 continuum demonstrates a nearly
quadratic dependence of absorbance on frequency, while in the 3.43 THz window deviation from this
dependence was detected. The series of rotational lines associated with magnetic dipole transitions
was measured in pure oxygen. In the mixture of 1.36 kPa of water vapor and 79.2 kPa of oxygen, a com-
parable contribution from continuum and discrete lines associated with magnetic dipole transitions of O2

was observed. The absorption coefficient of 0.066 (dB/km)/(kPa THz)2 and its temperature exponent of
4.7 were measured for the H2O–O2 continuum. Experimental continua data compared to theoretically
predicted values exhibit good agreement. The modeling of the resonant water vapor spectrum was per-
formed using a Van Vleck–Weisskopf lineshape with a 215 cm!1 far-wing cut-off and the HITRAN2004
database.

Published by Elsevier Inc.

1. Introduction

The water vapor continua, both the self-continuum (H2O–H2O)
and the foreign continua (H2O–N2 and H2O–O2), play important
roles for many atmospheric applications, especially in dry air envi-
ronments [1]. There has been a great deal of experimental [2–6]
and theoretical work [7–12], mainly on the infrared windows be-
tween the strong vibration-rotational bands of water vapor. Some
work has also been done at microwave and millimeter wave-
lengths [13–19], but only recently has work been done to extend
the measurements and theoretical calculations into the THz region
[20,21]. In this region, the number and strength of the pure rota-
tional H2O lines increase and accurate measurements of the under-
lying baseline continuum become difficult. Also, the measurements
have to be limited to the narrow windows between individual
lines. In a previous paper [21], we have presented experimental re-
sults and theoretically calculated values for temperatures between
293 and 333 K for the self- and the H2O–N2 foreign continua. In the
present paper, we extend these results to the H2O–O2 continuum

where the measurements are more difficult for two reasons: (1)
the magnitude of the absorbance in H2O–O2 is smaller than that
in H2O–N2 because of the weaker interaction potential during col-
lisions that is responsible for the continuum absorption; and (2)
the O2 molecule has magnetic dipole transitions in this region that
have to be accounted for as additional absorbing components in
the measured spectra [22]. Because of the latter effect, we have
also made measurements of the magnetic dipole lines in pure O2.

The paper is organized as follows. In Section 2, we present a
brief review of the theory previously used to calculate the absorp-
tion coefficient and its temperature dependence up to 450 GHz for
H2O–N2 [15]. We then give the details of the experimental mea-
surements in Section 3. In Section 4, we present the results and
comparisons between theory and experiment. Finally, in Section
5, we discuss the conclusions drawn from this work.

2. Theory

To apply the theory used previously for calculating the millime-
ter-wave H2O–N2 continuum [15] to the calculation of the H2O–O2

continuum in the THz region, we briefly outline the basic formal-
ism. For the binary collision approximation valid in atmospheric
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environments, the absorption coefficient a(x) at the frequency x
(in cm!1) can be expressed as

aðxÞ ¼ 4p2

3!hc
npairx tanhðb!hx=2Þ½FðxÞ þ Fð!xÞ'; ð1Þ

where npair is the pair number density. The spectral density F(x) is
given by

FðxÞ ¼ !1
p
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where the whole trace is divided into a trace over the translational
degree denoted by Trr and a trace over internal degrees denoted by
Trab. In the above expression,~l is the dipole operator of H2O and L is
the Liouville operator associated with the total Hamiltonian of the
H2O–O2 pair. With the Lanczos algorithm, one can define the start-
ing vector j vi ¼ ffiffiffiffiffiffiffiffiffiffi

qaqb
p

~l in the Liouville space and write the inner
trace of F(x) in terms of a continued fraction,
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where a1, b2, a2, b3, and a3 are parameters that can be derived from
the matrix elements hvjLjvi; hvjL2jvi; . . . ; and hvjL5jvi.

At this stage, the introduction of the coordinate representa-
tion plays a crucial role because with the standard method, to
evaluate hv j Ln j vi with nP 2 is intractable. Instead of choosing
the internal states, one can select the orientations of the pair of
molecules as the basis set in Hilbert space. By introducing this
coordinate representation, the matrix elements hv j Ln j vi be-
comes 9-dimensional integrations and the integrands are ordin-
ary functions. A Monte Carlo algorithm (VEGAS) [23] is used to
carry out the integrations. By taking approximately 107 random
selections of a set of the 9 angular variables, this method yields
convergent results.

For the tetrahertz windows of interest in the present study,
whose center frequencies are not outside of the rotational band
of H2O, the method described above is not directly applicable.
However, in comparison with the strongest lines of the H2O band,
the frequencies of these windows are still low. As a result, one
can modify the original theoretical method and use it to calculate
the THz continuum. Within this modified theory, the starting vec-
tor jvi has been replaced by a modified one jvisub for a specified
window of interest. In the original starting vector, the dipole
operator spans all possible ji j!i in the Liouville space, where i
and j stand for the initial and final states of all the H2O lines.
Meanwhile, for the modified starting vector, the dipole operator
spans only those ji j!i in a Liouville sub-space consisting of lines
whose frequencies are higher than the window frequency. With
respect to other ji j!i, whose transition frequencies are lower than
the window frequencies, they are treated as local lines. This is the
main difference between the original and the modified
formalisms.

Next, we would like to present a detailed description of poten-
tial models used in the present and the previous studies. Because
both O2 and N2 are linear molecules, the form of the potential
models for H2O–O2 and H2O–N2 is the same. The only differences
are in the molecular and potential parameters. Generally speaking,
one expects that except at very short ranges, the interaction be-
tween H2O and O2 is significantly weaker than that for H2O and
N2 because the dipole–quadrupole interaction is the leading
long-range interaction and the magnitude of the quadrupole mo-
ment of O2 is approximately a factor of 4 smaller than that of
N2. Consequently the H2O–O2 continuum is weaker than the
H2O–N2 continuum.

In the present study, we assume

Vðr;Xa;XbÞ ¼ Vdqðr;Xa;XbÞ þ Vqqðr;Xa;XbÞ þ V indðr;Xa;XbÞ
þ Vatomðr;Xa;XbÞ; ð4Þ

where the first two components are the well known dipole–quadru-
pole and the quadrupole–quadrupole interactions between the H2O
and O2 molecules. Values of the dipole and quadrupole moments of
H2O used in the calculations are l = 1.8546 D, Hbb = !0.13 D Å,
Hcc = !2.50 D Å, and Haa = 2.63 D Å [24]. Meanwhile, the quadru-
pole moments of O2 and N2 are !0.39 D Å and !1.466 D Å,
respectively.

The induced interaction Vind(r,Xa,Xb) results from a mechanism
that the dipole and quadrupole of H2O yield an electric field at O2.
This acts on the polarizability tensor a of O2 and the latter acts back
on H2O. In terms of the orientation variables a, b, and c for H2O and
the orientation variables h and u for O2, a detailed expression for
Vind(r,Xa,Xb) is given in the appendix. The isotropic and anisotropic
parts of the polarizability of O2 are a = 10.87 a.u. and c = 7.30 a.u.,
respectively, and those for N2 are 11.74 a.u. and 4.75 a.u., respec-
tively [25,26].

Finally, the atom–atom interaction term is given by

Vatomðr;Xa;XbÞ ¼
X
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where the indices i and j run over the atoms of H2O and O2, respec-
tively, rij is the distance between the atom i of H2O and the atom j of
O2, eij and rij are Lennard–Jones (L-J) parameters. The parameters for
Vatom used in the calculations are listed in Table 1.

It is worth mentioning that V(r,Xa,Xb) contains an isotropic
component because Vatom consists of the isotropic and anisotropic
components. The effective L–J parameters derived from the poten-
tial models of H2O–O2 and H2O–N2 given above are reff = 3.66 Å,
eeff = 159 K, and reff = 3.64 Å, eeff = 131 K, respectively.

Based on this potential model, one can calculate the matrix ele-
ments subhv j Ln j visub and the corresponding parameters a1, b2, a2,
b3, and a3 appearing in the continued fraction. Then one can obtain
the continuum for a specified window. We note that the contin-
uum and the local line contributions in a given window are inter-
twined. Therefore, it is necessary to specify how the local
contributions are calculated when presenting theoretical contin-
uum results. Within the present modified Lanczos method, those
ji j!i whose transition frequencies are lower than the frequency
of the window of interest are considered to be the local lines. How-
ever, H2O lines whose frequencies are somewhat higher than the
window frequency must also be treated as local lines because the
sharp absorption structures resulting from them are missing from
the smooth Lanczos results. Unfortunately, there is no method to
determine exactly how far away from the window center (i.e.,
the upper-frequency limits mcut) as a limit for those lines must be
included. With the current method, the ranges for the upper-fre-
quency cut-off mcut for each of the windows are estimated, as those
cannot be determined exactly. Consequently these upper-fre-
quency cut-offs become adjustable parameters. It is worth men-
tioning that the upper-frequency cut-offs discussed here differ
from those introduced previously when calculating measured con-
tinuum results. This adjustment procedure has been discussed in
our paper [21] for H2O–N2.

Table 1
Potential parameters used for Vatom

H2O–O2 H2O–N2

Atom pair r (Å) e (K) Atom pair r (Å) e (K)

H–O 2.95 40 H–N 3.00 28
O–O 3.10 65 O–N 3.15 52

204 V.B. Podobedov et al. / Journal of Molecular Spectroscopy 251 (2008) 203–209



Finally, two optimization procedures have been taken. The first
one optimizes the half-width ratio between O2 and air broadening.
The experimental continuumis sensitive to this ratio because it is gi-
ven by the small difference between two large values (i.e., the mea-
sured raw result and the calculated local line contributions), and the
local line contributions depend sensitively on the O2 broadened
half-widths. The theoretical calculated continuum is less sensitive
to the O2 broadened half-widths because the magnitudes involved
are comparable. We have used these different sensitivities to select
the optimized half-width ratio as 0.61. After presenting the experi-
mental values derived from the selection of O2/air = 0.61, the second
procedure is carried out in which the mcut are treated as adjustable
parameters to optimize the theoretical results to get the best agree-
ment with the experimental continuum values. Consequently, the
current theoretical continuum results are not truly ab initio.

3. Experimental measurements

The measurements were performed in a multipass cell previ-
ously described in Ref. [20]. The cell was coupled to a polarizing
(Martin–Puplett) interferometric spectrometer with a long-pass fil-
ter optimized for the maximum signal-to-noise ratio in the range
below 125 cm!1. Measurements were made with spectral resolu-
tion of 0.03–0.06 cm!1. A 60-mm input aperture and f/2 optics used
in the cell as well as coupling optics were chosen to provide accept-
able diffraction losses at the lowest operational frequency. The var-
iable cell pathlength for this experiment was set to 40 passes, the
equivalent of about 24 m. The precise value of 23.3 m was defined
from a calibration procedure described previously [20]. The whole
cell was surrounded with a thermo-insulation cover and was
equipped with silicon rubber heaters controlled by a temperature
stabilization unit. For temperatures between 20 and 70 !C, the
uncertainty in the measured temperature did not exceed 0.2 !C
[21]. After preheating the cell filled with gaseous He at a rate of
about 5 !C/h and temperature stabilizing, it was evacuated below
0.1 Pa. Then the cell was consequently filled with an H2O–O2 mix-
ture. Triply distilled water and high-purity oxygen (99.9999% pur-
ity) were mixed at this step. The pressure of each component was
measured with two capacitance diaphragm gauges with an uncer-
tainty of about 0.1 Pa for water vapor and about 10 Pa for oxygen.
Each measurement session normally included three spectra of
which the first and the last spectra used as referenceswere obtained
from the cell filledwith nitrogen. As compared to the evacuated cell,
the use of nitrogen in this case provided smaller error caused by a
variation of a standing wave reflection in the reference spectra. To-
gether with other measurements taken, this allowed us to estimate
the experimental uncertainty of the measured absorbance as
±0.006. In this paper, the absorbance, A, is expressed in logarithmic
units using the base 10 so that A = log10(1/T). Where possible, the
second absorbance scale in the frequently used units of dB/km, is
also presented. The absorbance data in this work may be converted
into a corresponding absorption coefficient so that the absorbance
of A = 1 corresponds to an absorption coefficient of 429 dB/km.

4. Results and discussion

The H2O–O2 continuum absorption was measured in several
windows centered at 22.5, 28.3, 34.3, 45.0, 50.3, 66.4, 70.1, 84.1
and 114.6 cm!1, while the entire range from 10 to 120 cm!1 was
available for measurements in pure oxygen. Note that the contin-
uum absorbance may only be measured in the windows, i.e. near
the minimum absorbance between the strong discrete water vapor
lines. A similar procedure for continuum measurements in the
H2O–N2 mixture was described in Ref. [21]. In this study, all the
individual line parameters for water vapor in the THz range were

taken from the HITRAN2004 database and corrected for the differ-
ence between H2O/O2 and H2O/air broadening efficiency as de-
scribed below in Section 4.2. Using the input parameters
including pressure, temperature, pathlength, lineshape, far-wing
cut-off (100 cm!1) and high-frequency cut-off (215 cm!1), the local
contributions of resonance water vapor spectra were modeled by
the JB95 program [27]. A Van Vleck–Weisskopf lineshape [28]
was assumed in the modeling. The line intensity was set to zero be-
yond the far-wing cut-off, and no contributions from lines beyond
the high-frequency cut-off were included.

The total absorbance A of an H2O–O2 mixture has two
components:

Aðm; TÞ ¼ AR þ AC : ð6Þ

The components in Eq. (6) may be described as

ARðm; TÞ ¼AH2O þ AO2; ð7Þ
ACðm; TÞ ¼AselfðP2

H2OÞ þ AforeignðPO2PH2OÞ þ AforeignðP2
O2Þ; ð8Þ

where the index R denotes a resonance component from the rota-
tional spectra of both water vapor and oxygen, and the index C indi-
cates the continuum component. Notice that due to the different
pressure dependence of the self- and foreign continua, the latter be-
comes dominant for the low water content of the mixture. A for-
mula applicable to the absorption of the H2O–O2 mixture allows
us to obtain the absorption coefficients and temperature exponents
for water vapor and the foreign gas separately [21]:

ACðm; TÞ ¼ ½KselfðmÞ ( ð300=TÞns þ K forðmÞ ( ð300=TÞnf 'm2L; ð9Þ

here Kself(m) and Kfor(m) are the absorption coefficients, m is the fre-
quency, and L is the pathlength.

We note that the measured self-continuum term Aself ðP2
H2OÞ

contains all contributions from different mechanisms and to deter-
mine their individual roles is beyond the scope of this study. How-
ever, it would be helpful to mention a recent theoretical study of
water dimer absorption [29] where these authors have presented
values of the self-continuum due to water dimers.

4.1. Self-continuum

Self-continuum data are needed to derive the foreign contin-
uum from the raw absorbance data for H2O–O2 mixtures. It should
be noted that compared to the H2O–N2 system, the role of the self-
continuum in the definition of the H2O–O2 continuum is larger
since the latter is expected to be smaller than in H2O–N2 mixtures
having the same partial pressures of the mixture components. In
the present study, we did not measure the H2O self-continuum be-
cause these data were available from our previous work [21]. In the
range up to 70.1 cm!1, its value was defined using the parameters
Kself = 3.83 and ns = 8.8, viz. 3.83(300/T)8.8 (dB/km)/(kPa THz)2.
Above the wavenumber of 70.1 cm!1, where the quadratic depen-
dence of the self-continuum on frequency is not justified, the self-
continuum absorbance was taken directly from the experimental
data by subtracting the resonance spectrum of water vapor pre-
dicted by the HITRAN2004 database. The complete set of self-con-
tinuum data used below is presented in Table 2.

4.2. H2O–O2 continuum

According to Eq. (8), the H2O–O2 continuum is defined as the
difference between the total continuum absorbance of the H2O–
O2 mixture and the self-continuum (Table 2). We neglect here
the contribution of the collision-induced O2–O2 continuum be-
cause, for the selected partial pressures in the mixtures used, this
contribution [30] is expected to be much smaller than the H2O–
O2 continuum. The modeling of local contribution in the H2O–O2
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mixture was performed with the HITRAN2004 database using air
broadening parameters. Therefore, the choice of both the O2/air
broadening ratio and the linewidth temperature dependence are
very important for the determination of the H2O–O2 continuum.
In a simplified approach, accounting for non-air broadening can
be done by an artificial correction of the gas pressure used in the
experiment that is related to the effective broadening ratio. For
example, the N2/air broadening ratio of 1.11 was normally applied
in calculations of absorption in the mixture of water vapor with
nitrogen [21]. Based on the percentage air composition
(N2 ffi 78%, O2 ffi 21% and other ffi 1%) the required O2/air broaden-
ing ratio may be estimated between 0.586 and 0.634. It should
be noted, however, that the average broadening ratio defined this
way does not reflect the difference in the temperature dependence
of the linewidth, which normally varies for different water vapor
lines and foreign gases. Lack of experimental data in the THz range
creates a problem for the accurate account of this behavior. Based
on analysis of available data, we have chosen the O2/air broadening
ratio of 0.61. This value is close to some recent microwave data
[31] and, as found below, provides the best match with the theo-
retically predicted continuum parameters. By using this ratio,
any remaining differences in the temperature dependence of the
linewidth between oxygen and air may increase the experimental
uncertainty associated with our continuum measurements.

The absorbance data derived from experimental spectra are
presented in Fig. 1a and b as a function of wavenumber and tem-
perature. For the mixture composed of 1.36 kPa of water vapor
and 79.2 kPa of oxygen, a nearly quadratic dependence of absor-
bance on frequency was observed similar to that reported in Ref.
[21] and in some microwave studies for the H2O–N2 mixture
[32,33]. In the range up to the 84.1 cm!1 window, the deviation
from a m2-function does not exceed the experimental uncertainty,
while in the highest window at 114.6 cm!1, the observed deviation
is a few times higher. This may be an indication of slower than
m2-rise of the continuum in this frequency region as predicted in
Ref. [34]. In Fig. 2a and Table 3 we also present the theoretically
calculated values for the H2O–O2 continuum. Notice that according
to the present theory, a variation of the absorption coefficients and
temperature exponents for individual windows is expected. Thus,
an experimental absorbance may be affected by both measurement
uncertainties and the location of each individual window. At this
point, there are two choices for the treatment of the experimental
data. The first choice is to consider the absorbance data at a single
temperature over the frequency range and to fit to a m2 function.
For the second choice, the individual windows are treated sepa-
rately over the temperature range.

Assuming a m2-dependence of continuum absorbance in the
range up to 84.1 cm!1, the fitting procedure was applied to this
portion of data. The data fit to the m2 function presented in
Fig. 1a will result in 5 temperature-dependent parameters, each

averaged over 8 windows during the quadratic fit. Thus if the m2

fit is appropriate, this procedure may provide a lower uncertainty
in the results. The fitting formula used, 0.251Km2, accounts for both
the absorption units and the component pressure in the H2O/O2

mixture so that the above 5 fitting parameters present the absorp-
tion coefficient, K, as a function of temperature. Then one can de-
rive both the absorption coefficient (at T = 300 K) and
temperature exponent, nf, as presented in Fig. 1b. Here the data
were fitted to the Kð300=TÞnf function. Thus, within the range from
10 cm!1 to 84.1 cm!1, the absorption coefficient of 0.066 (dB/km)/
(kPa THz)2 and temperature exponent of 4.7 were found using both
fits presented in Fig. 1a and b, respectively.

By considering each window individually, i.e. not assuming the
m2-dependence of continuum absorbance, both absorption coeffi-
cient and temperature exponent may be found for each window.
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Fig. 1. (a) Continuum absorbance in the mixture of H2O/O2:1.36/79.2 kPa. Solid
curves present the m2-fit of data excluding the 114.6 cm!1 window. (b) Temperature
dependence of absorption coefficient for the H2O/O2 in (dB/km)/(kPa THz)2 found
from the fit in (a). The solid curve presents the second fit to the (300/T)n function as
discussed in the text.

Table 2
Experimental self-continuum absorbance (base 10) for water vapor at different temperatures (K)

Window center (cm!1) T (K)

294 304 316 323 333

22.5 0.009 0.007 0.005 0.004 0.003
28.3 0.014 0.011 0.008 0.006 0.005
34.3 0.021 0.016 0.011 0.009 0.007
45.0 0.036 0.027 0.019 0.016 0.012
50.3 0.045 0.033 0.024 0.020 0.015
66.4 0.078 0.058 0.041 0.034 0.026
70.1 0.087 0.065 0.046 0.038 0.029
84.1 0.096 0.071 0.051 0.042 0.032

114.6 0.110 0.082 0.059 0.048 0.037

The water vapor pressure and absorbing path are 1.36 kPa and 23.3 m.
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Fig. 2a presents the absorbance data in all nine available windows.
Here the experimental data (closed symbols) in each window were
fitted with the Að300=TÞnf function, where A and nf would be absor-
bance and temperature exponent, respectively. Each fit involves
five temperature points resulting in nine absorption coefficients
and nine temperature exponents. The summary of continuum data
found from individual windows is presented in Table 3 along with
the theoretically calculated data. As noted above, the best match of
experimental and theoretical data was observed at an O2/air broad-

ening ratio of 0.61. The optimum ratio was chosen from data com-
parisons at 5 different O2/air broadening ratios from 0.6 to 0.625.
From the Að300=TÞnf fit of the experimental data, the parameter
A obtained at T = 300 K may be then presented as a function of fre-
quency as shown in Fig. 2b. It is interesting to notice that the
nearly quadratic dependence of absorption coefficients over fre-
quency is also observed similar to that demonstrated in Fig. 1a.
At this point, the same value of absorption coefficient,
K = 0.066 (dB/km)/(kPa THz)2, was obtained from the fit to the m2-
function.

4.3. Magnetic dipole absorption

Diatomic molecular oxygen (16O2) has no electric dipole mo-
ment, and thus the rotational spectrum due to this component is
not observed in the absorption spectrum. However, due to the total
electron spin of 1 in its electronic ground state, 3R!

g , an oxygen
molecule possesses a magnetic dipole moment. This moment
causes relatively strong absorptions in both the microwave and
THz regions that are sufficient for direct measurements [22]. Based
on the usual magnetic dipole selection rules (DK = +2,DJ = +1) and
the rotational energy level diagram for molecular oxygen, the ob-
served structure should consist of a series of relatively strong
DJ = 0 peaks and weaker DJ = ±1 peaks.

The absorption spectrum of molecular oxygen in the microwave
and submillimeter range was evaluated in a few studies [22,35].
Only limited data are available, however, for the absorption coeffi-
cients of the magnetic dipole oxygen lines in the THz region, in par-
ticular, above 85 cm!1. The measurements of the absorbance for
individual lines are usually affected by several factors, including
weak signal strength, spectral resolution, line-mixing, and contri-
butions from trace water vapor lines located close to a few oxygen
lines. Some of these factors were reduced in the present study due
to improved techniques, and a typical experimental absorption
spectrum of pure oxygen is presented in Fig. 3 (solid curve). As ex-
pected from theory, a triplet-like structure was observed over the
entire range from 10 cm!1 to 120 cm!1. We note that frequencies
and linewidths available for far-IR lines of molecular oxygen are
currently known to smaller uncertainty than could be derived from
our experimental data. Thus, most of our attention here will be gi-
ven to the comparison of the line strength to that of the continuum
absorption. The strength of individual oxygen lines may be directly
estimated from this spectrum accounting for the pressure, path-
length and the average linewidth (FWHM) of 0.113 cm!1 provided
in this spectrum. This number includes both the self-width and the
instrumental function. For example, the peak absorption coeffi-
cient of 21.9 dB/km for the strong line near 48.9 cm!1 is in good
agreement with the data for the same line in Ref. [36] (10 dB/km
at specified linewidth and pressure). For more accurate estimates
of the strengths, data obtained with a high-spectral resolution
technique will be needed.

In Fig. 3, the absorption spectrum of pure oxygen is presented
together with a few other absorption components. As seen for
the mixture presented in Fig. 3 (1.36 kPa of H2O and 79.2 kPa of
O2), the discrete water vapor lines represented by the dotted curve
significantly exceed the two other components, viz. the continuum
and the magnetic dipole absorbance. Ignoring line-mixing, the
magnetic dipole absorbance does not depend on the water vapor
pressure. However, the first two components are proportional to
this pressure; therefore a redistribution of the various absorptions
is expected at smaller pressures of water vapor, and the relative
importance of the magnetic dipole absorbance will increase as
the humidity decreases. For dry atmospheric conditions, i.e. a very
small concentration of water vapor, the total absorption will also
be affected by both N2–N2 and O2–O2 collision-induced continua
(cf. the last term in Eq. (8)) [25,26,30].
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Fig. 2. (a) Absorbance data in several windows. For clarity, 5 of 9 available windows
are represented: from top to bottom, 114.6, 84.1, 70.1, 50.3 and 34.3 cm!1. Closed
and open symbols present experimental and theoretical data, respectively. Solid
curves are the fits of experimental data to the (300/T)n function. (b) Absorbance in
the mixture of H2O/O2: 1.36/79.2 kPa at 300 K. The data were obtained from a fit to
the data in (a). The solid curve presents the second fit to the m2-function excluding
the data in the 114.6 cm!1 window.

Table 3
Foreign continuum absorption coefficient, Kfor, (dB/km)/(kPa THz2) and temperature
exponent, nf, obtained from each transmittance window

The parameters given below the dashed line were determined from a global fit for
the complete set of m2-fitted curves (see Fig. 1a and b).
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5. Conclusions

In thiswork,we presented newexperimentalmeasurements and
theoretical calculations for the H2O–O2 continuum in the THz spec-
tral region. The measurements were made at 5 temperatures (from
294 to 333 K) in 9 micro-windows ranging from 22.5 to
114.6 cm!1. Given the uncertainties, the agreement is good over
the entire frequency and temperature ranges. Unlike our previous
work on the continuum for H2O–N2 [21], one has an additional
absorption component due to the magnetic dipole absorption of
O2. Therefore, we measured the spectrum of pure O2 over the entire
rangeup to120 cm!1. If oneexcludes thedata for the114.6 cm!1mi-
cro-windowwhere the m2 dependencewas not justified, our final re-
sults for the absorption coefficient are 0.066(300/T)4.7 (dB/km)/
(kPa THz)2. As expected this is smaller than the values found for
H2O–N2 (0.185(300/T)5.7 (dB/km)/(kPa THz)2 in Ref. [21]) with a
slightly smaller T dependence. Together with the experimental data
for the m2-fitted self-continuum [20,21] (3.83(300/T)8.8 (dB/km)/
(kPa THz)2 in Ref. [21]), the full set of absorption coefficients and
temperature exponents may be used for calculations of continuum
for H2O-air in the range between 22.5 and 84.1 cm!1 over different
temperatures. These calculations can then be compared with other
data, for instance those inferred from actual atmospheric measure-
ments [30]. From the above results for the THz micro-windows,
one can see a quite complicated dependence of total absorption on
gas composition, humidity and temperature.

Acknowledgments

The authors from NIST acknowledge with thanks support from
the Upper Atmospheric Research Program of NASA, Grant NNH05A-
B21I.Ma and Tipping acknowledge financial support fromNASA un-
der Grants NAG5-13337, NNG06GB23G, and FCCS-547. The authors
would like to thank theNational EnergyResearch ScientificComput-
ingCenter (Livermore, CA) for computer timeand facilities provided.

Appendix

The explicit expression for the induced interaction potential for
the H2O–O2 pair (or the H2O–N2 pair) is given by

V ind r;Xa;Xbð Þ ¼ ! 1
2

aðO2Þ !
cðO2Þ

3

( )$l2

r6
1þ 3 cos2 b
* +

þ 4l
r7

Qca cosb sin
2 b cos 2cþ 3Qbb cos3 b

h i

þ 1
r8

Q2
ca sin

2 b 1þ 5
4
sin2 b cos2 2c

& '"

þ9
4
Q2

bb 5 cos4 b! 2 cos2 bþ 1
, -

þ3
2
QcaQbb sin

2 b cos2cð5 cos2 b! 3Þ
#%

!
c O2ð Þ

2

(
l2

r6
E2 þ 2lE

r7
QcaF þ QbbHð Þ

þ 1
8

QcaF þ QbbHð Þ2
)

;

where H2O is given in the similar representation, Qca * Qcc ! Qaa,
a(O2) and c(O2) are the isotropic and anisotropic parts of the polariz-
ability of O2. In the above expression, E, H, and F are defined by

E ¼ C12 ! 3 cos h cos b;

H ¼ 3 cosbC12 þ
3
2
cos hð1! 5 cos2 bÞ;

F ¼ cos 2c
1
2
cos hð5 cos2 b! 3Þ ! cos bC12

" #

þ sin 2c sin h sinb sinða! /Þ;

where

C12 ¼ cos h cosbþ sin h sinb cosða! /Þ:
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